Introduction
Small cell lung cancer (SCLC) accounts for ~15% of all lung cancer cases.
1 SCLC tumors generally become chemoresistant after effective chemotherapy treatments, and most patients die from a recurrence of cancer or from serious complications. 2 Hence, it is important to explore the molecular mechanisms underlying SCLC progression. microRNAs (miRNAs), a type of small noncoding RNA with a length of 19-25 nucleotides, can inhibit the expression of their target genes by binding to their 3′-UTR, resulting in mRNA degradation or posttranslational repression. 3 
miRNAs are involved in the differentiation
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sun et al of normal tissues and play an important role in the pathogenesis of many human cancers. 3 Some previous studies have demonstrated that miRNAs are deregulated in SCLC progression. 1, [4] [5] [6] According to our previous findings, miR-216a-5p was identified among 24 miRNAs that were abnormally expressed in SCLC H69/H69AR cells based on TaqMan miRNA microarray analysis. 7, 8 A number of studies have demonstrated that miR-216a-5p is downregulated in gastric cancer, pancreatic cancer, and colorectal cancer and acts as a tumor suppressor. [9] [10] [11] [12] Therefore, experiments to determine whether miR-216a-5p acts as an oncogene or a tumor suppressor in SCLC are warranted.
Materials and methods
Microarray analysis
For miRNA microarrays (LC Sciences, Houston, TX, USA), differentially expressed miRNAs with a fourfold decrease in the raw expression level were ordered by P-value. The experimental procedures were performed as previously described in detail. 7 
Cell culture
The human SCLC cell lines NCI-H69, NCI-H69AR, NCI-H446, and 16-HBE cells were all from the American Type Culture Collection (ATCC; Manassas, VA, USA), maintained at 37°C in a 5% CO 2 humidified incubator and grown in Roswell Park Memorial Institute (RPMI)-1640 medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS (HyClone, Logan, UT, USA). The H69AR cell line is a multidrug-resistant cell line that is primarily used in microarrays to screen for chemoresistance-related miRNAs in SCLC and is occasionally used in this study. 7 
Transient and stable transfection
The siRNAs, miR-216a-5p mimics, inhibitors, and their respective negative control (NC) vectors were purchased from GenePharma (Shanghai, China) and then transiently and stably transfected according to the manufacturer's instructions. The most effective interference sequences within Bcl-2 were identified based on real-time quantitative PCR (RT-qPCR) and then used for subsequent in vitro experiments. The stable overexpression or silence miR-216a-5p expression cell lines and control cell lines were constructed by lentivirus infection. The detailed procedure is provided in the "Supplementary materials" section. The relevant mimic and inhibitor sequences are listed in the "Supplementary materials" section.
RT-qPCR
RT-qPCR was used to detect the expression level of miR-216a-5p and genes in SCLC cells according to the manufacturer's instructions (Takara, Dalian, China). GAPDH was used as the control. The relevant primers are listed in the "Supplementary materials" section.
Western blot analysis
Western blot analysis was performed according to standard protocols as previously described. 13 GAPDH and β-actin were used as the controls. The antibody information for apoptosisrelated genes is listed in the "Supplementary materials" section.
Flow cytometry for cell cycle analysis
Cell cycle assays were performed after cells were fixed in 70% ethanol overnight at 4°C and then stained with propidium iodide. The procedure was conducted according to standard protocols described in detail previously. 15 in vitro proliferation assay
The Cell Counting Kit-8 (CCK-8; Dojindo, Kyushu Island, Japan) was used for the in vitro proliferation assays in accordance with the manufacturer's instructions as described previously. 14, 15 in vitro wound healing experiment SCLC cells were grown to confluence on 24-well plates. Consistently shaped wounds were made using a sterile 10 µL pipette tip. At least four images of the scraped area were captured using phase contrast microscopy immediately after the scratch and after 0, 12, 24, 36, 48, and 72 hours. The procedure was replicated three times and was performed as previously described. 16 The same scratched area was selected for measurement at each time point.
in vivo xenograft model in nude mice
Six-to-seven-week-old female BALB/c mice (Guangdong Experimental Animal Center, Guangzhou, China) were accom- The xenograft tumor formation experiment was conducted according to our standard protocol as described previously. 16 Animals were randomly divided into four groups (n=3 mice per group): 1) H69AR/LV-miR-NC; 2) H69/LV-miR-216a-5p inhibitors; 3) H69AR/LV-miR-216a-5p mimics; and 4) H69/ LV-miR-NC. When the average longest tumor diameter of any group reached ~1 cm, the mice were sacrificed, and the excised tumors were measured. 
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The miR-216a-5p/Bcl-2 axis in small cell lung cancer Dual luciferase reporter assay H69 cells were transfected with hsa-miR-216a-5p mimics/ inhibitors/NC by Lipofectamine 2000 (Thermo Fisher Scientific). Dual Luciferase Reporter Assay System (Promega, Madison, WI, USA) was used to check the luciferase activity of H69 cell lysates. The detailed procedure was conducted according to our standard protocol as described previously. 17 All treatments were performed in triplicate.
statistical analyses
All experiments were conducted in triplicate. The data are expressed as mean ± SD. All statistical analyses were carried out using GraphPad Prism 7 software. Statistical significance was analyzed by Student's t-test or one-way ANOVA. P<0.05 (typically compared with the NC group) was considered as significant and is marked with an asterisk in the figures.
Results
expression of miR-216a-5p was determined in sClC cell lines
To identify miRNAs differentially expressed in SCLC, we performed TaqMan miRNA microarray analysis on the H69 and H69AR cell lines (ATCC; Supplementary materials). In all, 24 miRNAs with statistically significant differences in expression of more than fourfold were identified ( Figure 1A and Table 1) . Our previous studies have demonstrated that Bcl-2 had been proved to be involved in the development of SCLC, even in the occurrence of drug resistance. 18 We also found that Bcl-2 contains putative regions that match to the seed sequence of miR-216a-5p but not to other 23 miRNAs by further searching in RNA22-seq database (data not shown). Therefore, miR-216a-5p was chosen as an miRNA of interest for further study. By further verification with RT-qPCR, miR-216a-5p showed a significant downregulation in SCLC cell lines compared with that in the normal human bronchial epithelial cell line 16-HBE (ATCC), and the expression of miR-216a-5p in H69 cells was higher than that in H446 cells (ATCC; Figure 1B) . Accordingly, the H69 cell line, which exhibits a high level of expression of miR-216a-5p, was used for loss-of-function experiments, and the H446 cell line was used for gain-of-function experiments.
In order to manipulate miR-216a-5p levels in SCLC cells, miR-216a-5p mimics and inhibitors (GenePharma) were transfected into H446 and H69 cells, respectively. RTqPCR analysis of miR-216a-5p expression was performed at 24 hours after transfection, and the results revealed that the miR-216a-5p level was effectively increased or decreased. The observed inhibition level of miR-216a-5p expression caused by miR-216a-5p inhibitor treatment was 79.7%, and its level of overexpression caused by miR-216a-5p mimic treatment was 168.04% ( Figure 1C ). The miR-216a-5p mimics and inhibitors were used in subsequent loss-and gain-of-function studies. For stable transfection, the mimics and inhibitors were packaged into a lentiviral vector for the subsequent studies ( Figure 1D ), and analysis demonstrated that their ability to increase or decrease expression of miR216a-5p was significant ( Figure 1E ).
miR-216a-5p regulates sClC cell growth in vitro and in vivo
To investigate the effect of miR-216a-5p on the pathogenesis of SCLC in vitro, a CCK-8 assay was carried out in miR216a-5p up-and downregulated cells. The CCK-8 assay revealed that downregulation of miR-216a-5p increased H69 cell proliferation compared with that in the NC group, while upregulation of miR-216a-5p decreased cell proliferation ( Figure 2A ).
The ability of miR-216a-5p to confer SCLC characteristics was examined using an in vivo xenograft model in nude mice. As shown in Figure 2B , tumor growth in mice was significantly increased in the H69/LV-miR-216a-5p inhibitors group compared to that in the H69/LV-miR-NC group and was significantly decreased in the H69AR/LV-miR-216a-5p mimics group compared to that in the H69AR/LV-miR-NC group. At 21 days after subcutaneous injection, the mean tumor volume for the H69/LV-miR-216a-5p inhibitors group was markedly larger than that for the H69/LV-miR-NC group and that for the H69AR/LV-miR-216a-5p mimics group was smaller compared to that of the H69AR/LV-miR-NC group ( Figure 2C ).
miR-216a-5p suppression resulted in cell cycle disorder
To further investigate the growth promotion observed in miR-216a-5p downregulated cells, cell cycle profiles of miR-216a-5p downregulated cells were evaluated using flow cytometry. The suppression of miR-216a-5p led to cell blockade characterized by G2/M phase arrest and an increase in the number of SCLC cells in the G2/M phase ( Figure 2D ).
miR-216a-5p promotes cell migration in vitro
A scratch healing test was used to determine the effect of miR-216a-5p on cell migration. The results showed that miR-216a-5p upregulation led to a significant reduction in the wound closure rate in H446 cells ( Figure 2E and F) . 
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The miR-216a-5p/Bcl-2 axis in small cell lung cancer Bcl-2 is predicted and confirmed to be a miR-216a-5p target gene
Using miRNA target detection software RNA22-seq (https:// cm.jefferson.edu/), miR-216a-5p was predicted to bind to the apoptosis-related gene Bcl-2 ( Figure 3A) . The predicted binding relationship was confirmed by RT-qPCR and Western blot in SCLC cells. The results demonstrated that miR-216a-5p acts as an inhibitor of Bcl-2 ( Figure 3B and C) . Moreover, inhibition of miR-216a-5p expression in H69 and H69AR cells led to a significantly corresponding increase in Bcl-2 expression ( Figure 3B and C).
To further investigate the regulatory relationship between miR-216a-5p and Bcl-2, we constructed Bcl-2 wild-type and mutant psicheck-2.0 luciferase vectors and conducted a luciferase reporter assay ( Figure 3D ). Luciferase activity was reduced by ~59% ( Figure 3E ) when miR-216a-5p was upregulated and was increased by 50.1% when miR216a-5p was downregulated. These data demonstrate that miR-216a-5p binds directly to the Bcl-2 3′-UTR through its miRNA binding sites, leading to miRNA-induced repression of luciferase reporter activity.
miR-216a-5p regulates the expression of apoptosis-related gene Bcl-2/Bax/Bad
To investigate the regulatory effect of miR-216a-5p on its target gene Bcl-2, RT-qPCR was used to verify that downregulation of miR-216a-5p leads to an increase in Bcl-2 mRNA expression. Additional experiments showed that siRNA-mediated Bcl-2 knockdown rescued the overexpression of Bcl-2 caused by miR-216a-5p inhibition ( Figure 4A ). Hence, a direct relationship between miR-216a-5p and Bcl-2 was confirmed.
To determine whether miR-216a-5p-mediated regulation of the important apoptosis suppressor gene Bcl-2 is incidental, we performed RT-qPCR and Western blot analysis to assess the effect of miR-216a-5p on the expression of the apoptosis-promoting genes Bax and Bad. The results demonstrated that miR-216a-5p downregulation led to a significant decrease in the mRNA ( Figure 4B ) and protein levels ( Figure 4C ) of both Bax and Bad. Previous studies indicated that miR-216a-5p promotes the occurrence of apoptosis in SCLC. We speculated that miR-216a-5p participates in the development of SCLC by promoting apoptosis and affecting the apoptosis pathway.
Bcl-2 partly mediates the effect of miR216a-5p on sClC cell proliferation and migration
Interestingly, we found that Bcl-2 knockdown also caused a significant inhibition of SCLC cell growth, as measured by CCK-8 assay, just as miR-216a-5p upregulation did ( Figure 4D ). Moreover, flow cytometry experiment revealed that Bcl-2 knockdown rescued the impact of miR-216a-5p downregulation on cells arrested in the G2 phase, but the S-phase does not seem to be impacted by Bcl-2 siRNA ( Figure 4E and F) . Meanwhile, different from the increase in cell migration caused by miR-216a-5p downregulation, as shown in the wound healing assay, Bcl-2 knockdown led to a reduction in cell migration ability compared with the NC treatment ( Figure 4G ). Taken together, these results further substantiate the presumptive role of miR-216a-5p and Bcl-2 in SCLC cell cycle progression and provide new evidence to support the concept of their interdependent expression.
Discussion
SCLC is an aggressive malignancy characterized by high incidence, rapid development, and low survival rate. 19, 20 Although aberrant expression of miRNAs in lung cancer has been reported, few studies have elucidated the role of specific miRNAs in SCLC tumorigenesis. 21 In the present study, miRNA microarray analysis identified 24 miRNAs with a significantly downregulated expression in the SCLC chemoresistant H69AR cell line compared with that in the H69 cell line. Therefore, we focused on analyzing miR-216a-5p
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The miR-216a-5p/Bcl-2 axis in small cell lung cancer in detail. Our previously published microarray study, which screened SCLC lines for chemoresistance-associated miRNAs, 7 surprisingly found that miR-216a-5p was expressed in low quantities based on RT-qPCR. Our study demonstrates that miR-216a-5p plays an important role in SCLC cell growth and migration and modulates the G2 phase of the cell cycle.
Bcl-2 was subsequently identified as a direct target gene of miR-216a-5p that is involved in SCLC pathogenesis under negative regulation by miR-216a-5p. In addition to its effect on Bcl-2, miR-216a-5p downregulation promoted the expression of the apoptosis-related genes Bax and Bad. Bcl-2, a wellknown apoptosis suppressor gene, is involved in the progression of multiple tumors. 22, 23 Studies have reported that many miRNAs can regulate the expression of Bcl-2. 24 However, the mechanism through which Bcl-2 participates in SCLC biology under the regulation of miR-216a-5p remained obscure. Based on our previous study, Bcl-2 was found to play a key role in the chemoresistance of SCLC due to its antiapoptotic function. 18 The data in this study showed that Bcl-2 promotes cell proliferation and tumorigenesis in nude mice by modulating the cell cycle. Furthermore, when we downregulated Bcl-2 expression by cotransfection with Bcl-2 siRNA in a stable cell line in which miR-216a-5p was downregulated, the upregulation of Bcl-2 was reversed and cell proliferation was inhibited, which is consistent with the effect of miR-216a-5p upregulation on cell proliferation. These results further suggest that miR-216a-5p might regulate SCLC cell proliferation through mediation of Bcl-2 expression. Taken together, the results of this study indicate that miR-216a-5p may affect SCLC biology by activating the apoptosis signaling pathway, although more in-depth study will be needed. Numerous studies have closely linked miR-216a-5p to a variety of human tumors. For example, miR-216a-5p was reported to be downregulated by more than 200-fold in pancreatic ductal adenocarcinoma samples compared to that in normal pancreatic tissues, while the same situation was not observed in chronic pancreatitis samples. Similarly, upon transformation of pancreatic stellate cells to myofibroblast-like cells, 18 a key step in pancreatic cancer progression, miR-216a-5p was downregulated. Moreover, the downregulation of miR-216a-5p was associated with pancreatic ductal adenocarcinoma cell migration, invasion, and epithelial-to-mesenchymal transition and pancreatic cancer progression. On the basis of those studies, our findings confirm that miR-216a-5p is a tumor suppressor.
In this study, we first validated our previous TaqMan miRNA microarray results by RT-qPCR and chose miR-216a-5p as the subject of our investigation of SCLC. Second, on the basis of up-and downregulation of miR-216a-5p expression through the use of miR-216a-5p mimics and inhibitors, respectively, we found in in vitro and in vivo experiments that miR-216a-5p inhibited cell proliferation, cell migration, and xenograft formation and influenced cell cycle status, particularly in the G2 phase. Finally, using bioinformatics and a luciferase reporter assay, we confirmed that miR-216a-5p targets the Bcl-2 gene. Bcl-2 promoted cell proliferation and migration and impacted the G2 phase of the cell cycle under regulation by miR-216a-5p. Furthermore, suppression of miR-216a-5p inhibited the expression of Bax and Bad while increasing Bcl-2 expression. Our study suggests that miR-216a-5p is involved in SCLC pathogenesis via modulation of Bcl-2/Bax/Bad.
Moreover, our study demonstrated that the suppression of proliferation capacity of H69 cells by Bcl-2 gene silencing might be due to a reduction of cells in the G2 phase of the cell cycle. Since the S phase does not seem to be impacted by Bcl-2 siRNA and small molecule inhibitors (eg, venetoclax) of Bcl-2 impact SCLC cell line viability, 25 how do Bcl-2 siRNA or Bcl-2 inhibitors impact SCLC cells' survival in the context of miR-216a expression will be our next area of interest.
Conclusion
We have demonstrated that miR-216a-5p plays an important role in the pathogenesis of SCLC. miR-216a-5p expression significantly decreased cell proliferation and migration in SCLC through mediating the expression of Bcl-2/Bax/Bad proteins. Based on these findings, we propose that miR216a-5p may be used as a therapeutic agent for SCLC.
